Introduction
Early mammalian development may have evolved with dependence on specific environmental conditions provided by the maternal genital tract. There is evidence that the environmental require¬ ments of the embryo change as development progresses and that these, at least for energy substrates and amino-acids, are met by changes in the maternal environment (Kaye, 1986) .
The role of protein in the genital tract fluids has not been determined. There is histological evidence that the embryos of mice (Glass, 1963) , rats (Schlafke & Enders, 1973) and rabbits (Hastings & Enders, 1974) take up exogenous proteins but the mechanism has not been characterized or quantified.
To investigate how important this protein was to the mouse embryo we have attempted to quantitate the uptake process during development and to characterize its uptake in the blastocyst. A preliminary report of these results has been presented (Kaye, Pemble & Hobbs, 1986 ).
Materials and Methods
Radioiodination of bovine serum albumin. Crystallized bovine serum albumin (BSA, Commonwealth Serum Laboratories, Australia) was radioiodinated at room temperature by using a modification of the chloramine-T method (Greenwood, Hunter & Glover, 1963) and purified by chromatofocusing (Sernia, 1984) . To 10 µ of a 4 mg/ml stock solution of BSA in 0-2 M-phosphate buffer pH 7-4 was added 10 pi Na125I (100 mCi/ml, 11-17 mCi/pg I; Amersham, Australia) in 0-2 M-phosphate buffer, pH 7-4. The reaction was started by adding 25 pi chloramine-T (2 mg/ml) and allowed to proceed for 30 sec with constant mixing before adding 25 pi sodium metabisulphite (2 mg/ml) to terminate
•Reprint requests to Dr P. L. Kaye. 5I-labelled BSA on a chromatofocussing column as described in iodination. After adding 1 ml 25 mM-imidazole buffer, pH 7-4, the reaction mixture was placed on a chromatofocusing polybuffer exchanger column PBE 94 (Pharmacia Fine Chemicals, Australia; 4 cm 0-6 cm; bed volume; 1-2 ml) primed with 10-15 ml 25 mM-imidazole-HCl buffer (pH 7-4) and 125I-labelled BSA was separated from unreacted Na125I by elution with polybuffer 74 (Pharmacia) adjusted to pH 4 with HC1 and diluted 1:8 with H20 (Sernia, 1984) . Fractions of 0-5 ml were collected and a 10 pi sample of each was counted in a Packard Auto-Gamma Scintillation Spectrometer. The 4 fractions containing the peak of radioactivity (Fig. 1) were pooled and dialysed against triple distilled water over 3 days at 4°C (4 changes each of 2 litres). After dialysis the sample volume was measured and the protein content was determined by the fluorescamine method (Udenfriend et al., 1972) . The remainder was divided into 200 pi (~4 pg) samples, freezedried and stored at -20°C. The specific activity of the 125I-labelled BSA produced ranged from 6-0 to 13-4mCi/mg. P reimplantation mouse embryos. Female Quackenbush mice 6-8 weeks old, randomly bred in our own animal house, were superovulated with 5-10 i.u. PMSG (Folligon, Intervet, Artarmon, N.S.W., Australia) at about 10:00 h and 46-50 h later with 5-10 i.u. hCG (Chorulon, Intervet) . Immediately after the hCG injection they were placed with individual males and inspected at 09:00 h the next day for vaginal plugs. Two-cell embryos, morulae and blastocysts were collected from the mated females (respectively 24, 48 and 72 h later) and washed in Medium M2 (Fulton & Whittingham, 1978) modified as previously described (Hobbs & Kaye, 1985) .
Uptake studies of 12sI-labelled BSA. An incubation drop was prepared by addition of 30 pi BMOC2 medium (Brinster, 1965) Preliminary studies in which 2-cell embryos, morulae and blastocysts were incubated in 125I-labelled BSA for 3 h before overnight culture in non-radioactive modified Medium BMOC2 containing unlabelled crystallized BSA at 1 mg/ml revealed no effects on continued development. Blastocysts appeared normal when inspected under the dissecting microscope after incubation in medium containing 125I-labelled BSA and examination of fixed sections of blastocysts showed no apparent damage from this treatment.
Results

Developmentalpattern
Two-cell embryos, morulae and blastocysts all took up 125I-labelled BSA (18 pg/ml, 13 mCi/mg) during 3 h incubation at 37°C (Fig. 2) . Uptake over this time by blastocysts was 7 times greater than that by morulae and 2-cell embryos (P < 001). The uptake rates of 2-cell embryos and morulae were low and not significantly different from each other, so further experiments were limited to characterizing the uptake system in blastocysts. (Fig. 3) show that uptake at 37°C was 5 times greater than at 22°C (P < 001) and 10 times greater than at 4°C (P < 001).
Effect ofprotein concentration
Before measurement of uptake by blastocysts over a range of BSA concentrations, the time course of uptake at 18 pg/ml and 10 mg/ml was determined. The results (Fig. 4) show that for both (Williams, Roberts, Kidston, Beck & Lloyd, 1976; Field et al., 1977) . Preliminary tests showed that the dye did not affect the development of embryos in vitro. We tested its effect on the uptake of 125I-labelled BSA by preincubating mouse blastocysts for 30 min in Medium BMOC2 containing 1 mg BSA/ml and 200 pg trypan blue/ml. The uptake of 125I-labelled BSA (194 pg/ml; 6 mCi/mg) by blastocysts in medium with trypan blue was only~30pg,i.e. 10% (P < 0-01)ofthat by blastocysts in control medium (Fig. 6) . Incubation time (h) Reversibility of this effect was tested by preincubating blastocysts for 2 h in Medium BMOC2 containing 1 mg BSA/ml and 200 pg trypan blue/ml. After 6 washes in Medium M2 (at room temperature, 5 min), blastocysts were incubated for 2 h in Medium BMOC2 without trypan blue before 125I-labelled BSA uptake was measured. In these blastocysts uptake values were the same as in untreated controls (Fig. 6) (Fig. 7) . Samples of the culture media were precipitated with 25% (w/v) CCl3COOHG and the radioactivity in the acid-soluble and acid-insoluble fractions assessed. Most (66% + 6, = 3) of the label released into the medium was acid-soluble.
Discussion
These experiments were designed to investigate the rate at, and mechanism by, which preimplantation mouse embryos take up whole protein from their environment in vitro. We found that this required high specific radioactivity protein. Of a number of techniques, only radioiodination was successful in achieving the required specific activity. We were concerned that possible contaminants of the125I-labelled BSA introduced by the derivatization reactions (despite the extensive purification of the 125I-labelled BSA; Fig. 1) , and/or the -radioactivity, might be deleterious to the embryos and thus provide results which did not truly reflect normal embryonic metabolism. However, when 2-cell embryos, morulae or blastocysts were pre-labelled for 2 h before culture there was no effect on continued development. In addition, light microscopic examination of sections of Aralditeembedded, fixed blastocysts revealed no apparent morphological damage. Moreover, the blastocysts used in the catabolic experiments also appeared normal up to 2 h after incubation in 125I-labelled BSA. We therefore believe there to be no deleterious effects from either the -radiation or the unlikely possibility of a contaminant in the preparation during the period of these experiments. In common with all uptake experiments these studies required a suitable method of 'washing' embryos to remove 125I-labelled BSA not taken up or bound by the embryo. This was achieved by quickly (5 min) rinsing embryos in small groups through six changes of 2 ml Medium M2 on ice. The experiments on ice showed very little uptake under these conditions and we could find no evidence of losses through this procedure. The catabolic experiments (Fig. 7) show losses from blastocysts of about 6% over 5 min at 37°C. We therefore believe that this procedure reflects the embryonic levels of 125I-labelled BSA at the time of removal from the radioactive medium. These observations are similar to those for glycine transport (Hobbs & Kaye, 1985) .
The studies described in Fig. 2 show that 125I-labelled BSA was taken up by 2-cell embryos, morulae and blastocysts and that as development proceeds the rate of this process increases about 7-fold with total uptake over 3 h by blastocysts being about 5-fold greater than that by morulae.
This confirms earlier histological estimates for increased pinocytosis by blastocysts in comparison with earlier embryonic stages of rats (Schlafke & Enders, 1973) , rabbits (Hastings & Enders, 1974) and mice (Glass, 1963) . This increased activity may reflect the greater metabolic activity of the blastocysts, an increase in cell surface area or result from the differentiation of the outer trophectodermal cells.
We attempted to characterize the process in blastocysts. Uptake was temperature-dependent (Fig. 3) , suggesting a strong metabolic dependence as for endocytosis (Silverstein, Steinman & Cohn, 1977) . However 125I-labelled BSA was associated with embryos at 4°C (*20pg), which might reflect binding of125I-labelled BSA to membranes and zona pellucida or trapping in the perivitelline and other extracellular spaces. This conclusion is supported by the electron microscopic studies of rat (Schlafke & Enders, 1973) and rabbit (Hastings & Enders, 1974 ) preimplantation embryos which show exogenous proteins in pinocytotic vesicles and bound to the membrane. Uptake was reversibly inhibited by trypan blue which has been described as a specific reversible inhibitor of pinocytosis (Williams et al., 1976; Field et al., 1977) .
These observations are consistent with uptake of BSA by blastocysts via an endocytotic process. The same processes may also occur at earlier stages. Endocytosis may occur by engulfment of membrane adsorbed protein and/or protein dissolved in the bulk fluid. Because of the heterogeneous nature of BSA (Spector, 1975) it is likely that it enters by both routes. This was found in rat yolk sacs (Williams, Kidston, Beck & Lloyd, 1975) . Uptake of BSA bound to membranes should be revealed by a complex dependence of uptake rate on protein concentration. However, it is not possible to determine this from Fig. 5 because of the variability of results due both to variation in blastocyst size and probably endocytotic rate of various 125I-labelled BSA preparations (Williams et al., 1975) . There is an indication of binding saturated at about 30 pg/blastocyst from the uptake at 0°C, in trypan blue and the intercept of the line in Fig. 5 .
The endocytotic index calculated from the regression line of Fig. 5 is 5 pl/min/blastocyst, equivalent to 15 pl/mg protein/h. These figures are close to those reported for the non-saturable component ofblastocyst amino-acid uptake (Miller, 1984; and the endocytotic index for undenatured 125I-labelled BSA by rat yolk sacs (Moore, Williams & Lloyd, 1977) respectively. They represent a considerable fluid flux through the blastocyst.
The catabolic studies show that 125I-labelled BSA entered blastocysts as an acid-insoluble macromolecule but was rapidly degraded and the label released as acid-soluble products to the medium. In other cells, this process occurs by lysosomal activity and the only labelled product is 125I-labelled tyrosine (Livesey & Williams, 1981; Kooistra & Lloyd, 1985) . Further Aitken, 1977; Pratt, 1977) and volume (~4 pi Edirisinghe & Wales, 1980; 0-2 pi: Hoversland & Weitlauf, 1981) of flushings of mouse uteri yield an estimated protein concentration of about 10 mg/ml, which is close to that found for rabbit oviduct fluid (5 mg/ml: Shapiro, Jentsch & Yard, 1971 ). The uptake rate at this concentration (Fig. 6 ) would be about 3 ng/h which would contribute up to 4-5 pmol amino acid from albumin, i.e. about half of the non-taurine amino-acid pool (Schultz, Kaye, McKay & Johnson, 1981) . This ingested protein may not be essential for normal embryonic development, since some embryos developing in vitro to blastocysts in the absence of protein do develop normally after transfer to recipients, albeit at low rates of success (Caro & Trounson, 1984) , but it probably is a usual process during early mammalian development as protein transfer has been observed in vivo (Glass, 1963) . The potential nutritive value of material taken up by this endocytosis should not be ignored. Fleming & Pickering (1985) have described the presence of horseradish peroxidase-labelled endosomes in mouse embryos of all preimplantation stages. These studies revealed the appearance of secondary lysosomes at the 16-cell stage and increases in the number of endosomes in response to high BSA levels in the medium. These authors also suggest that exogenous proteins may function to a significant extent as a substrate for the recorded upsurge in synthetic activity in the late morula.
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